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Acidosis and nutrition. In recent years there has been increas- levels are maintained until late in the disease. In kwashi-
ing evidence for the deleterious effect of acidosis on a number orkor, which is characterized by a low protein intake but
of fundamental systems of the body including nutrition [1, 2]. normal/high carbohydrate intake, hypoalbuminemia is
Approximately 70 mmol of hydrogen ions are produced daily
seen early in the disease. This, in part, explains the inap-by the body, and to maintain acid-base balance there must be
propriate use of albumin as an indicator of nutritionalan equivalent net acid secretion by the kidney. It is remarkable
status. While it is possible with appropriate treatmentthat extracellular fluid (ECF) pH is maintained within a very
narrow range of 7.35–7.45 (35–45 nm), reflecting the fundamen- to turn a malnourished individual into one that is well
tal importance of pH on many aspects of basic cellular function nourished, it is impossible to create a “supernourished”
particularly proteins. It is important to differentiate between state. Providing nutritional supplements to well-nour-
the terms acidosis and acidemia. The former is a pathophysio-
ished individuals will only result in the development oflogic process tending to acidify body fluids, whereas the latter
obesity; likewise, treating a catabolic stimulus such asoccurs when the ECF hydrogen ion concentration is above the
acidosis in a well-nourished individual is unlikely to im-normal range. It is possible to be acidotic (with a reduced
serum bicarbonate) but not acidemic because of appropriate prove their nutritional status but may have other bene-
buffering of hydrogen ions. The major extracellular buffer is the fits. In order to diagnose malnutrition, it is important
carbonic acid/hydrogen carbonate system with plasma proteins to assess not only visceral protein status (total protein,
and hemoglobin contributing significantly less. The major intra-
albumin and transferrin) and somatic protein statuscellular buffer is protein followed by bone [3]. The type of
(weight, height, skinfold thickness) but also dietary in-acidosis seen in patients with chronic renal failure changes with
take (3 day dietary record). Use of urea kinetic modellingdecreasing GFR; initially a non-anion gap acidosis is observed
secondary to the loss of bicarbonate from the proximal tubule to obtain an index of dietary protein intake assumes that
and impaired excretion in the distal tubule. With increasing the individual is in a state of neutral nitrogen balance
severity of renal impairment, failure to excrete organic and and is not valid in catabolic or anabolic states. The mea-
inorganic acids results in an increased anion gap [4, 5]. surement of dietary nitrogen intake and urinary nitrogen
output do not reflect the dynamic state of protein turn-
over that is taking place within the body. For instance,
To understand the relationship between acidosis and the daily turnover of protein in all body tissues in an
nutrition, it is important to understand how malnutrition adult consuming 60 g of protein per day is of the order
can develop. Classically, malnutrition is defined as “a of 300 g of protein per day [6]. In other words, 300 g of
condition that arises from deficiencies of specific nutri- protein is both broken down and synthesized daily. An
ents or from diets containing the wrong proportion of imbalance between whole body protein synthesis and
foods.” With regard to chronic renal failure, it is probably whole body protein breakdown will result in either gain
more appropriate to revise this to “a state which is char- of body protein (anabolism) or loss of body protein (ca-
acterized by depletion of body protein stores,” although tabolism). From this it is possible to see that it is not
absolute changes in either synthesis or breakdown thatit is erroneous to consider that there are stores of body
result in anabolism/catabolism, but the balance betweenprotein. The amount of a protein in the body is normally
the two. Most of the studies that have examined theclosely regulated by the functional demand for that pro-
nutritional effects of acidosis have concentrated on pro-tein; an obvious example of this is the muscle wasting
tein degradation rather than protein synthesis. There isseen with immobilization. Body protein can be simply
a variety of methods by which it is possible to measuredivided into visceral (liver derived such as albumin and
protein degradation from the level of the cell to thetransferrin) and somatic (muscle). In conditions associ-
whole body (Table 1).ated with a reduction in both caloric and protein intake,
such as anorexia nervosa and marasmus, visceral protein
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That acidosis associated with chronic renal failure can
have nutritional effects has been known for some time. 1999 by the International Society of Nephrology
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Table 1. Methods of measuring protein breakdown ever, lead to malnutrition, especially in patients with
chronic renal failure? A number of studies in hemodialy-Level Method
sis patients have examined the relationship between pre-Cells Pulse of tracer amino acid
Cells Injection of individually labeled proteins dialysis serum bicarbonate and a variety of indices of
Tissue bed Ex vivo incubation following pulse of tracer amino acid nutritional status. Most have found an inverse relation-
Tissue bed In vivo incubation with tracer amino acid
ship between bicarbonate and the normalized proteinWhole body Constant infusion or bolus of tracer amino acid
catabolic rate (PCR) [17]. The increased PCR in the
acidotic patients could equally reflect a higher dietary
protein intake or catabolism. Most of the studies have
found no evidence of malnutrition; if anything, the aci-Lyon [7] observed in 1931 that “on alkaline treatment
clinical improvement was usual, and coincidentally there dotic subjects are better nourished. It is probable that
in cross sectional studies, acidosis is a marker of a highwas also improvement in the blood nonprotein nitrogen,
together with an increase in the alkali reserve.” In his dietary protein intake [18]. In many patients, the ana-
bolic effects of this may outweigh the catabolic effectsdiscussion, he stated that “it is reasonable to conclude
therefore that, however the alkali may exert its beneficial induced by the acidosis. Cross sectional studies are not,
however, the ideal way to examine the hypothesis thateffects on the blood chemistry, it is not by altering the
amount of protein absorbed, nor by decreasing the acidosis-induced changes in protein degradation and
amino acid oxidation result in malnutrition; this needsamount of protein breakdown in the body.” Many would
now dispute the latter comment. randomized, controlled, longitudinal studies. The largest
to date was undertaken by Stein and his colleagues inOne of the landmark studies on acidosis and nutrition
was undertaken by Papadoyannakis in 1984, who re- Leicester, who randomly assigned 200 new patients start-
ing CAPD to either a high alkali (HA) regimen, usingported that treatment of patients with chronic renal fail-
ure with sodium bicarbonate resulted in an improvement a dialysate lactate buffer concentration of 40 mm plus
in nitrogen balance [8]. The seminal studies of Mitch supplemental sodium bicarbonate and calcium carbon-
and colleagues, initially at Harvard and more recently ate, or a low alkali regimen (LA) using a dialysate lactate
at Emory, that have shown how acidosis exerts its nutri- concentration of 35 mm [19]. When evaluated one year
tional effects [9]. Working with incubated muscle prepa- after entry into the study, bicarbonate and pH were
rations and the perfused hindquarter model, Mitch’s significantly higher in the HA group. There was evidence
group showed that both acidosis induced with ammo- on anthropometric measurements (weight gain and mid
nium chloride and the acidosis of chronic renal failure arm circumference) of an improvement in nutritional
increased muscle protein degradation [10, 11]. This in- status in the HA group whilst morbidity as measured by
crease was dependent upon the action of glucocorticoids. hospital admission was significantly lower in the HA
These observations led us as well as other groups to group. This study to date provides the strongest evidence
examine the hypothesis that acidosis in humans with for the beneficial effect of bicarbonate therapy. Of the
chronic renal failure increases protein degradation and two randomized studies examining the effect of increas-
amino acid oxidation. This in turn predisposes to malnu- ing dialysate bicarbonate concentration in hemodialysis
trition, leading to increased morbidity and mortality. Us- patients [20, 21], in only one was there evidence of an
ing the technique of constant infusions of the stable iso- improvement in nutritional status with a significantly
tope L-[1–13C]leucine we showed that acidosis induced greater triceps skinfold thickness in the group receiving
in normal subjects with ammonium chloride increased the higher dialysate bicarbonate concentration.
protein degradation and amino acid oxidation [12]. Sub- There are other nutritional benefits to be gained from
sequently, we found that correction of acidosis in predial- correction of acidosis. Insulin resistance is a well recog-
ysis patients with chronic renal failure with sodium bicar- nized feature of chronic renal failure [22], and it is also
bonate, but not sodium chloride, resulted in a decrease well established that acidosis induces insulin resistance
in protein degradation and amino acid oxidation [13]. in normal subjects [23]. Using the euglycaemic clamp
When these studies were extended to chronic renal fail- technique we showed that correction of acidosis in predi-
ure (CRF) patients treated with hemodialysis and contin- alysis CRF patients was associated with an improvement
uous ambulatory peritoneal dialysis (CAPD), similar ef- in insulin sensitivity [24].
fects were seen [14, 15]. To date, there has been only
one study in humans examining the effect of acidosis on
ACIDOSIS AND BONEprotein synthesis. Using the flooding dose technique,
That acidosis is associated with osteomalacia in adultsBallmer et al found that albumin synthesis decreased
and rickets in children has been known for many years.following the induction of acidosis with ammonium chlo-
In chronic renal failure the degree of acidosis in theride [16]. The evidence that acidosis increases protein
degradation is therefore overwhelming. Does this, how- predialysis period correlates with the severity of osteo-
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malacia on bone biopsy [25]. Acidosis induces osteoma- gained with regard to osteomalacia, insulin resistance,
hyperparathyroidism and cell signaling indicate that aci-lacia because bone directly buffers hydrogen ions and
acidosis inhibits the activity of the 1-hydroxylase respon- dosis in chronic renal failure is associated with substan-
tial morbidity.sible for activating 25-hydroxycholecalciferol [26]. That
acidosis might also play a role in the development of
Reprint requests to Dr. T. H. J. Goodship, Royal Victoria Infirmary,
hyperparathyroidism was suggested by the study of Le- Newcastle upon Tyne, NE1 4LP, United Kingdom.
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slowed the progression of hyperparathyroidism in hemo-
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